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INTRODUCTION 

The Oculometer i s  an electro-optical   device  that   measures 

the  direct ion of  pointing of  the human eye. It  i s  not  at tached 

to   the   subjec t ,  and opera tes   wi th   essent ia l ly   inv is ib le   in f ra -  

red   rad ia t ion .  

The Oculometer  can f ind   appl ica t ion   in   cases  where eye 

d i rec t ion  i s  t o  be measured  with a minimum of  interference t o  

the  subject - e . g . ,  

(a)  psychological and physiological  monitoring 

(b)  eye control  - t ha t  i s  the   d i rec t   cont ro l  o f  
target  acquisit ionltracking  systems by 

Oculometer signals  defining the di rec t ion  

o f  pointing o f  operator’s  eye (Ref. 1) .  

The present Oculometer  has been developed from the  concept 

proven i n  an e a r l i e r  breadboard  unit ( R e f .  1 ) .  The Oculometer 

cons is t s  of  an optomechanical  unit  (Figure 1) and an e lec t ronics  

unit   (Figure.  2 ) .  

In  operation,  the  eye i s  placed  near a dichroic beam s p l i t t e r  

a t  one end of the optomec.hanica1 u n i t .  The eye i s  then  illuminated 

by I R  rad ia t ion  from a source w i t h i n  the u n i t .  An image o f  the 

eye i s  formed at  the  photocathode of  the image dissector   tube,  

also  contained  within the  optomechanical  unit. The e lec t ronics  

unit   processes  the  video  signal f rom the image dissector  and 

generates  scan  signals form the image disse.ctor,  causing i t  t o  

search   for ,   acqui re ,  and track  the image of  the eye t h a t   i s  



Figure 1 OPTOMECHANICAL UNIT 
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Figure 2 ELECTRONICS UNIT 
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formed a t  the  photocathode. Eye direction  information i s  derived 

from this  electronic  tracking  system. The system also  provides 

a measure  of pupil  diameter and pup i l   pos i t i on   r e l a t ive   t o   t he  

op t i ca l   ax i s  of  the  system. 

In   th i s  document, the .bas ic   sens ing   pr inc ip le ,   i . e . ,  how 

eye  direction i s  determined from the  eye  image,  the  optomechanical 

unit ,   the  electronics  system, and the  performance of the  device 

are   descr ibed.  

BASIC SENSING PRINCIPLE 

The basic  sensing  principle of the Oculometer i s  tha t  

eye d i rec t ion  i s  defined by the  posi t ion of a cornea l   re f lec t ion  

(of  the  radiation  source  within  the  Oculometer),  relative  to 

the  cenber of the p u p i l ,  

More spec i f i ca l ly ,  imagine that  the  eye i s  i l luminated by 

a point  source a t   i n f i n i t y  and i s  imaged onto a screen by an 

op t i ca l  system whose p o i n t  collec.t ion  aperture i s  a l s o   a t   i n f i n i t y ,  

coincidentwith  that  of the  i l lumination  source.  Some of the 

coll imated  radiation  incident  at   the  eye  (Figure 3 )  i s  re f lec ted  

at   the   cornea-axis   surface  ( the  ref lect ion  factor  i s  about 2 .5%) .  

The rays  ref lected from the  cornea  appear  to  diverge from a point 

within  the eye  which i s  the   v i r tua l  image of the  source. (The 

cornea l   re f lec t ion  of a f i n i t e  bundle of coll imated  rays i s  

ac tua l ly  an extended  surface, n o t  a point.  However, t h i s  w i l l  

n o t  a f f ec t  .the basic   resul t   because,   in   the  present   case,   the  

rays from an inf ini te ly   small   incident   bundle   are   ref lected 

back t o  the  col lect ion  aper ture , )  The ac tua l   ray   re f lec ted  back 

from the  cornea t o  the   in f in i te ly   smal l   co l lec t ion   aper ture  

4 



of Eye 

Center of 
corneal 
curvature 

-To oculometer: 
from  center of 
pupil  and 

K sin B corneal  reflection 

Radiation  from  source 
within  oculometer  reflected 
at  cornea 

Displacement  of  corneal  reflection  from  center  of  pupil, K Sin 8 ,  
is proportional to the  angular  direction, $,  of  the  eye , and is 
independent of the  position of the eye. 

Figure 3 B A S I C   S E N S I N G   P R I N C I P L E  
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( a t   i n f i n i t y  and coincident  with  the  source)  corresponds t o  t h a t  

pa r t i cu la r  normal to   the  corneal   surface which i s  p a r a l l e l   t o   t h e  

incident  coll imated  rays.  

A s  desc r ibed   i n   de t a i l   i n   t he  Mechanical  Section,  the  pupil- 

i r is  boundary i s  i l lumina ted   in   the  Oculometer i n  such a way as 

t o  make t h i s  boundary c l e a r l y   v i s i b l e .  By tracking  this  boundary, 

the  center  of  the  pupil   can be determined. It can be assumed f o r  

the  present  purpose,   therefore,   that   there i s  a luminous po in t   a t  

the  center  of  the  pupil .  Because the  aperture  of  the  collection 

opt ics  i s  assumed, fo r   t he  moment, t o  be in f in i t e ly   sma l l  and 

loca ted   a t   in f in i ty ,   the   on ly   ray  from this  ( imaginary)  point  at  

the  center   of   the   pupi l ,   that  w i l l  be co l lec ted ,  i s  the  ray  paral-  

l e l  to  the  incident  coll imated  bundle.  The displacement  of  the 

cornea l   re f lec t ion  from the  center  of  the  pupil  i s  (from  Figure 3) 
K s i n  B where 0 i s  the  angle between the  geometric  axis  of  the 

eye and the  direct ion of the  incident  coll imated beam (which i s  a 

reference  direct ion,   the   opt ical   axis  of the Oculometer) and K i s  

a dimensional  constant  of  the  eye. Thus  by measuring  the  displace- 

ment of   the  corneal   ref lect ion from the  center   of   the   pupi l ,   in   the 

eye  image, a measure i s  obtained of the  direct ion of the  geometric 

axis  of  the  eye. 

-Under the  conditions  stated,the  displacement between the 

rays from the  center  of  the  pupil  and  from the  corneal   ref lect ion 

i s  independent  of  the  position  of  the  eye  in  all  three  dimensions. 

That i s ,  i f  the  eye moves (wi th  no ro t a t ion )   i n  any direct ion,   the  

displacement between the two rays i s  invariant .  The displacement 

between the  rays i s  so le ly  a function of the  angular  direction  of 

the  eye. 
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In   p rac t i ce ,   t he  Oculometer employs a source and co l lec t ion  

aper ture   o f   f in i te   s ize .  The f i n i t e   s i z e  of  the  source  aperture 

(~1.2' i n   t he   p re sen t   ca se )   r e su l t s   i n  a f i n i t e   s i z e  of corneal 

reflection  (about 0.003 in .   d iameter) ,  and t h e   f i n i t e   s i z e  of  the 

col lect ion  aper ture  ( d o )  r e s u l t s   i n  a f in i t e   dep th  of focus, 

(about fl in .   wi th  a Q.02 i n .  sampling  aperture  at  the  eye). 

The sensing  techniques  described  define  the  direction of 

the  geometrical  axis  of  the  eye,  whereas i t  i s  the  direct ion of 

the  foveal   axis   that  i s  usually of i n t e r e s t .  The deviation  be- 

tween these  axes is approximately 5-7 degrees. 

Calibration  of  the  device is  required  for  each  subject:  

(a) t o  take  out  the 5 - 7 degree  angle between the 

geometric and foveal  axes. 

(b) t o  a l low  for   var ia t ions   in   the   sca le   fac tor  K 

(nominally  about 0.003 inches  per  degree). 

Angular ro ta t ions  o f  the  eyeball  about  the Oculometer reference 

(2) axis w i l l  cause errors due t o  the  deviation between the  foveal 

and geometrical  axes  of  the  eye  (about 1 degree  error   for  10 degree 

r o l l  angles of the  eye).  Angular ro ta t ions  of the eye  about  the  z- 

axis  may occur  not  only  with head r o l l  but   a lso  in   the normal course 

of eye  motions. To the  extent  that   these  eye  motions  are  in  accord 

with  Lis t ing 's  Law (Ref 2) they w i l l  not  cause  errors  per se, but 

w i l l  a f f ec t   t he   ca l ib ra t ion   ( l i nea r i ty ,   c ros s t a lk )  of  the  device. 

According t o  Reference 3 ,  deviations from Lis t ing ' s  Law are  small  

(1/4 degree  for  eye  rotations  of  the magnitude incurred on normal 

vision).   This impl ies  tha t   e r rors  due t o  unexpected r o l l  of  the 

eye w i l l ,  i n  normal  circumstances, be very  small  (e.g., 1/40 degree). 
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OPTOMECHANICAL 

The following i s  a descr ipt ion of the  mechanical  features 

of  the Oculometer  and how they  operate. 

I l lumination Technique 

In  the p r i o r  breadboard  system  (Ref. I-), the  eye was i l lumina- 

ted by v i s ib l e   r ad ia t ion   i n  such a way as t o  show the i r i s  as  

r e l a t ive ly   b r igh t  and the  pupi l   re la t ively  dark.  

In  the  present  system, a new, and improved i l lumination 

technique i s  used i n  which the  eye i s  i r radiated  with  a lmost   in-  

v i s i b l e  IR rad ia t ion  t o  show the p u p i l  as  a bright  uniform  disc  ( to- 

gether  with a small   h ighl ight   corneal   ref lect ion)   against  a v i r t u a l l y  

black  background. 

The  new illumination  technique i s  i l l u s t r a t ed   i n   p r inc ip l e   i n  

Figure 4 .  Light i s  projected from a small  light  source  onto  the 

r e t ina   v i a  a beam s p l i t t e r   i n   f r o n t  of the  eye. An image of t he   l i gh t  

source i s  formed.  on the   re t ina  and a f r ac t ion  of the  incident  radia- 

t i on  i s  scat tered back  from th is   po in t  on the   re t ina .  Some of the 

scat tered  rays   are   col lected by the eye lens and then  refracted  in  

such a way tha t  when emerging  from the eye,   the  rays  retrace,   exactly,  

the  path o f  the  incident  rays from the  l ight   source.  The emergent 

rays  are  passed  through  the beam s p l i t t e r  t o  a l ens ,  which i s  located 

a t  the   v i r tua l  image o f  the   l igh t   source   in   the  beam s p l i t t e r .   S i n c e  

the emergent rays  are  focussed  back, by the  eye  lens, t o  the   l igh t  

source,  the  emergent  rays  passing  through  the beam s p l i t t e r  converge 

t o  a small   area  at   the  lens,   corresponding t o  the  small  area  of  the 

8 
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Figure 4 NEW RETINAL METHOD OF PUPIL/ IRIS  BOUNDARY  ILLUMINATION 



Figure 6 PUPIL AREA OF THE EYE 
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Figure 7 PREVIOUS PUPIL/IRIS ILLUMINATION TECHNIQUES 
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Figure  8 OCULOMETER OPTICAL SYSTEM (Explanatory Notes in Table 1) 



TABLE 1 

EXPLANATORY NOTES ON FIGURE 8 

1. Plano-convex lenses  L and L2 image lamp fi laments S1 onto 1 
aperture  A with  magnification  of  approximately 3:l. Aperture 

A stops down lenses  L and L2. 
2 

1 1 

2. Lens L3 images aperture  A a t   i n f i n i t y .  2 

3. Lens L4 images eye  space  onto  photocathode  with  approximately 

5 : 6 magnification. 

4 .  Lens L4 images aperture  A a t   i n f i n i t y .  3 

5. The image of A2 re f lec ted  by beamsplit ter B1 i s  coincident 

with image of A3 formed by Lens L 4' 

6 .  Beamsplitter B i s  60% transmit t ing,  40% re f lec t ing ,   in   the  1 
0.80 t o  0.95 micron  region. 

7 .  Beamsplitter B2 i s  subs t an t i a l ly   r e f l ec t ing   i n  0 .80  t o  0.92 

micron region, i t  i s  subs tan t ia l ly   t ransmi t t ing   in   v i s ib le  

region 

8. F2 and F a re  Kodak wratten No. 87 . f i l t e r s ,   t hey   a t t enua te  3 
t he   v i s ib l e   r ad ia t ion .  

9 1 
3 a t ion  and inf ra red  above 1.0 microns. 

9 .  F i s  a Corning No. 7-69 f i l t e r ,  i t  a t t enua te s   v i s ib l e   r ad i -  

1 '  10. The s t r ip  of black  fe l t   prevents   radiat ion from filament S1 
from being  undesirably  backscattered  into  the  collection  optics (L ). 4 
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Figure  10 COLLECTION OPTICS 



dimensions).  Radiation from a tungsten  filament lamp i s  co l lec ted  

by an f /1 ,5  doub,le plano convex lens system  and  an  enlarged image of 
the  filament i s  formed a t   the   i l lumina t ion   aper ture ,  The i l lumina- 

t i on   ape r tu re   i t s e l f  i s  a t   the   focal   p lane  of   the main i l lumination 

lens and appears,  t o  the  eye, therefore ,  t o  be a t   i n f i n i t y .  

The cone angle  of  the  rays  at  the  illumination  aperture i s  

su f f i c i en t  so that   th is   aper ture   ful ly   i l luminates   the 1 . 2  inch 

diameter  region of the eye  space  provided. (The eye  space i s  the 

space where the  eye may be placed  for normal operation of the  device).  

The i l lumination  rays  are  directed  onto  the  eye by r e f l e c t i o n  

a t   t he   neu t r a l  and dichroic beam s p l i t t e r s .  The eye  views  normally 

by transmission  through  the  dichroic beam s p l i t t e r .  The eye i s  

imaged onto  the  photocathode by rays   re f lec ted  from the  dichroic 

beam s p l i t t e r  and transmitted by the   neut ra l  beam sp l i t t e r .  The 

rays from the eye a re   co l lec ted  by the  col lect ion  aper ture  which i s  

at   the   focal   p lane of  the imaging lens.   This  aperture,   also,   ap- 

pears t o  the eye t o  be a t   i n f i n i t y  and i s  arranged t o  be coincident 

(a t   in f in i ty)   wi th   the   i l lumina t ion   aper ture .  The distances from 

the eye t o  the imaging lens ,  and from the imaging lens t o  the  photo- 

cathode  are  such  that  the  eye  space i s  imaged onto  the  photocathode 

with a magnification  of 0.83X. 

An image of  the  eye  (as  in  Figure 11) i s  formed at   the   plane 

of the image dissector  photocathode. The in t ens i ty  of t h i s  image 

is analyzed  in Appendix B as a function  of  the  source  brightness-- 

a sa fe   l eve l  of r ad ia t ion   a t   t he  eye and the  optical  system  of  the 

Oculometer. 
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Figure 11 EYE IMAGE 



Electro-Optical  Sensor 

An ITT F4011 1- in .   v id i s sec to r  (image d issec tor )  i s  1 
2 

used  as  the  basic  electro-optical   sensor,   with an F4513 def lec-  

t i o n   c o i l  and F4506 focus  coil   (Figure 1 2  and 13).  The operating 

vol tages   a re   l i s ted   in   Table  2 .  The F4011 has  an S1 photocathode 

with a nominal quantum eff ic iency of 0.3% a t   t h e  Oculometer operating 

band. 

Electrons  are  emitted from the  photocathode  in  proportion 

t o  the  incident I R  rad ia t ion .  These electrons  are   accelerated by 

a 600 v o l t   f i e l d  towards  an  aperture  plate  having a cen t r a l  0 .017 

in .   d tameter   c i rcu lar   aper ture .  The electrons  are  magnetically 

focussed  onto  this  plate t o  form  an electron image of  the  eye. 

The electron image a t   the   aper ture   p la te  can be deflected 

in  two dimensions by magnetic  f ields  applied by the  deflection 

c o i l .   I n   t h i s  way the 0 .017  in.   clear  aperture  can be l a i d  

over any part  of  the  eye  image. The optical   magnification i s  
such  that  the image dissector  aperture  diameter,   referred t o  

the  eye, i s  0 . 0 2  i n .  The e l ec t rons   f a l l i ng   on to   t h i s   c l ea r  

aperture  pass  through t o  the  mult ipl ier   sect ion of the  tube 
6 having a gain  of  about 3 x 10 . The output  current from the 

image d issec tor  i s  thus  proportional t o  the  average  intensity 

of that   region of the  opt ical  image at   the  photocathode  corres- 

ponding t o  the 0.017 in .   ape r tu re .  The posi t ion of this   region 

i n   t u r n ,   i s  determined by the  currents   f lowing  in   the x and y 

de f l ec t ion   co i l s .  
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TABLE 2 

IMAGE  DISSECTOR OPERATING  VOLTAGES 

CATHODE - D R I F T   T U B E  

CATHODE - D l  

CATHODE - D 2  

D R I F T   T U B E  - GROUND 

D l  - GROUND 

D 2  - GROUND 

D l 0  - GROUND 

OVERALL 

6 0 0 V  

575v 

6 7 2 V  

1 4 0 0 V  

14 2 5 V  

1 3 2 8 V  

10 5V 

2000v 

II: - . 



ELECTRONIC SYSTEM 

The following i s  a descr ipt ion of the  Electronics of  

the Oculome ter and how they  function. 

Overall Sys t e m  

The e lec t ronics  system (Figure 14) can be in  any one of 

the  following  states 

P u p i l  Track/Corneal  Track (Q = 1, R = 1) 

Pupil  Track/Corneal  Search (Q = 1, R = 0) 

Pupil  Search (Q = 0) 

The pa r t i cu la r   s t a t e   t ha t   t he  Oculometer i s  i n  i s  determined 

by the  corneal and pupi l   s ta te   sensors   (cards  7 and 8 ) .  These 

sensors  process  the  signal  output from the image d issec tor  and 

se t   the   log ic   s igna ls  R and Q a t   e i t h e r  "1" o r  " 0 " .  

In   the  pupi l   t rack/comeal   t rack mode the   def lec t ion   co i l s  . 

apply a constant  circular  scan  pattern  (Figure 15) together  with 

pupi l   posi t ion and corneal   posi t ion  s ignals .  The t o t a l   e f f e c t  

i s  as   i l lus t ra ted   in   F igure  1 6 .  The t o p  portion of the   c i rcu lar  

scan i s  not  used  for  pupil   tracking  in  order t o  avoid errors 

due t o  obscuration  of  the p u p i l  by the  upper  eye-lid and lashes .  

The image dissector   output   s ignal  i s  processed   in i t ia l ly  

on card 9 t o  generate  video  signals  for  each of the   f ive   t rack-  

ing loops (pupil  diameter, p u p i l  posi t ion (x and y) and corneal 

posi t ion (X and Y)). The image dissector  scan  signals  are assembled 

from a f ixed  c i rcular   scan  pat tern  together   with  the 
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Figure 14 ELECTRONIC SYSTEM 
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computed scan p o s i t i o n   s i g n a l s   o n   c a r d s  14 (x) and 15 ( y ) .  These 

d e f l e c t i o n   s i g n a l s  are a p p l i e d   t o   i n d i v i d u a l  CELCO DA-PP 2B 

d e f l e c t i o n   c o i l   a m p l i f i e r s   ( w h i c h  are loca ted   on  the main elec- 

t r o n i c s  chassis a l o n g s i d e  the power s u p p l i e s ) .  

A very   s impl i f ied   b lock   schemat ic   d iagram  of  the Oculo- 

meter t racking   sys tem i s  shown i n  F igure  1 7 .  

The p u p i l   a n d   c o r n e a l   c i r c u l a r   t r a c k i n g  scans are de r ived  

from a 1 kHz s inuso ida l   sou rce ,   wh ich  i n  t u r n  i s  der ived  f rom a 

master c lock   sys tem.  The v ideo   ou tput   f rom  the   image   d i ssec tor  

i s  a p p l i e d   t o   p u p i l   d i a h e t e r ,   p u p i l   p o s i t i o n ,   a n d   c o r n e a l   p o -  

s i t i on   demodu la to r s .  The output   f rom  these  demodulators  i s  a 

s i g n a l   p r o p o r t i o n a l   t o   t h e   i n s t a n t a n e o u s  scan p o s i t i o n   e r r o r ,  

and i s  a p p l i e d   t o   t h e   a s s o c i a t e d   i n t e g r a t o r s .  The i n t e g r a t o r  

o u t p u t s   c o n t r o l   p u p i l   s c a n   d i a m e t e r ,   p u p i l  scan p o s i t i o n   a n d  

c o r n e a l  scan p o s i t i o n   ( r e l a t i v e   t o  the center  of the p u p i l ) .  The 

va r . i ous   pos i t i on   and  scan s i g n a l s  are assembled   and   appl ied   to  the 

image d i s s e c t o r   d e f l e c t i o n   c o i l .  

L e t  i t  be  assumed tha t   t he   s can   sys t em i s  e x a c t l y   a l i g n e d  

w i t h  the a p p r o p r i a t e   e y e   d e t a i l .  The output   f rom a l l  the   de-  

modulators  w i l l  be  zero  and the i n t e g r a t o r   o u t p u t s  w i l l  no t   change .  

If the eye   d i sp l aces ,   t hen   t he   v ideo   ou tpu t   f rom  the  image d i s -  

s e c t o r  w i l l  change. The demodulators w i l l  genera te ,   f rom 

th is  v i d e o ,   a n   a p p r o p r i a t e   e r r o r   s i g n a l   p r o p o r t i o n a l  t o  t h e   e x i s t i n g  

scan   pos ' i t i on   e r ro r .  This e r r o r   s i g n a l  w i l l  c a u s e   t h e   a s s o c i a t e d  

in t eg ra to r   ou tpu t s   t o   change  i n  such a way as t o   c o r r e c t   t h e  ex is t -  

i n g   e r r o r  i n  scan p o s i t i o n .  When t h e   e r r o r   h a s   b e e n   c o r r e c t e d ,  

a l l  the e r ro r   s igna l s   f rom  the   demodu la to r s  w i l l  be   ze ro ,   t he  

' i n t eg ra to r   ou tpu t s  w i l l  no t   change ,   and   the  scan w i l l  remain 

c o r r e c t l y   p o s i t i o n e d   o v e r  the e y e   d e t a i l .  
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The  basic  scan  period of the  Oculometer  is 2 milliseconds. 
That is, the  scan  pattern  shown  in  Figures 15 and 16 has a  period 
of 2 milliseconds(derived from a 256 kHz crystal  oscillator on 
card 1). This  period  may be regarded as consisting of 64 time 
periods each 1/32 millisecond  long. The pupil  tracking  scan 
exists  from  time  periods 5 to  27 and  the  corneal  tracking scan 
from  time  periods  32  and 64. (See Figure 15). 

The  video  from  the  image  dissector  is  processed to yield 
pupil  and  corneal  scan  position  error signals. A s  illustrated 
in Figure 18 this  is  accomplished by  (effectively)  multiplying 
the  video  with  appropriate  demodulation  functions  which  are 
synchronized  with  the  scan  pattern.  The  pupil  and  corneal  track- 
ing  scans  are shown, in  the  upper  part of Figure 18, slightly 
misaligned  from  the  pupil  and  corneal  reflection.  Eecause of 

this misalignment, the  image  dissector  signal  output will 
fluctuate as the scanning  aperture  (of  the  image  dissector)  is 
made,by  the  circular scan, to fall  over  alternately  lighter 

and  darker  positions of the image.  The  resulting  video  signal 
is  illustrated  schematically as the  first  function  shown in 

Figure 18. The  corneal  and  pupil  x  and  y  demodulation  functions 
are  shown  next in Figure 18. In the  Oculometer  the  video  is 
multiplied by  these  functions  to  yield  scan  position error 
signals.  The x demodulated  video  is  illustrated  at  the  bottom 
of Figure 18. It can be seen  from  Figure I8 that  if  the  scan 
is  perfectly  aligned  with  the  pupil  and  corneal  reflection 
there  will  be no 1 kHz modulation  superimposed on the  video and 
the  average  value of each of the  components  (pupil  x  and  y:, 
corneal x and  y) of the  demodulated  video  will  then be zero. 
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It also can be seen from the   v ideo   i l l u s t r a t ed   i n  

Figure 18 t h a t  any 1 kHz modulation  present  in  the image 

dissector   output  i s  superimposed on a dc level .   In   pupi l  

t i m e  t h i s  dc l eve l  may be termed 'ha l f  peak white '  - where 

'peak  white' Fs the   output   level   that  would r e s u l t   i f   t h e  

scanning  aperture were wholly within  the  pupil  (Figure 1 9 ) .  

The video  level i s  only one half  of peak white  in  pupil  time 

because.  nominally,  the  scanning  aperture i s  made t o  s i t  half  

way over  the  pupil boundary when the  scan i s  optimally  aligned 

with  the  pupil. 

In the Oculometer the two dc components - half peak 

white  in  pupil  time, and  peak white  plus  corneal  signal  in 

corneal  time - are  removed. The half  peak white  level i s  

removed by a clamp. The peak white  plus  corneal  signal i s  

removed p a r t i a l l y  by t h i s  clamp and a l so  by the  inject ion of 

an appropriate dc level  (Figure 14). Both these  functions  are 

performed on card  9,and  are  explained  in more d e t a i l   i n   t h e  

descr ipt ion,  below,  of that   card.  

The video, clamped t o  half  peak white,  i s  i l l u s t r a t e d  

in  Figure 20 for  the  case when the  pupil  scan  diameter i s  too  

l a r g e   ( i . e . ,   g r e a t e r   t h a n   t h a t  of the eye pupil)  and a l so   fo r  

the  case when the  scan  diameter i s  cor rec t .   In   the   l a t te r   case  

i t  can be seen, from Figure  20,that  the  average  value  of  the 

demodulated video i s  zero - yielding a zero   e r ror   s igna l .   In  

the  case when the  scan  diameter i s  t o o  large  the clamped video 

i s  above zero and the  demodulated  video  then  has a resu l tan t  

average  value. 
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The  various  loop  error  voltages  are  generated (as shown 

in  Figure 14 by: 
Amplifier A7 on card 9 for  pupil  diameter 
Amplifier A8 on card 9 for  pupil x position 
Amplifier A9 on card 10 for  pupil  y  position 
Amplifier A10 on card 11 f o r  corneal x position 
Amplifier All on card 11 for corneal  y  position 

In each  case  the  error  voltage is applied  to an integrator. 

The  dynamic  response  function of all  five  loops  is of 
the  same  form. For the ith loop  let  the  scale  factor of the 
demodulator  output be  Vi volts  per  inch  error.  Let  the  scale 
factor of the  integrator  output  be Wi volts  per  inch.  Let  the 
time  constant of the integrator be r (Figure 21). Let ~1 be 
the  actual  output of the  integrator  (in  volts)  and IJ. the 
value  that  corresponds  to  the  position of the  eye. 

i 
0 

IJ. - cL0 

Then, scan  error = wi volts 

- Feedback  error  voltage = -v -- .. i (IJ., I J .q  volts 
i 

Thus  the  loop  response  is of a  simple  low  pass RC filter  with 
a time  constant  given  by: 

r w  
Loop  time  constant = - i i  

vi 
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The output  of  the  pupil   diameter  integrator (I1. on card 10) 
i s  applied t o  the x and y pupil  scan  modulators,  both  located on 

card 13.  The leve l  of two quadrature  lkHz  stnusoids is made 

d i rec t ly   p ropor t iona l  t o  t h i s   i npu t  from the  pupil  diameter 

in tegra tor .  These t w o  1 kHz sinusoids  are  then  applied t o  the 

x and y scan summing amplif iers  (A14 on card 14, A15 on card 15)  
t o  generate  the  pupil   circular  scan,  the  diameter of  which i s  

controlled by the  output  of  integrator 1 on card 10.  

The outputs of the  pupi l   posi t ion  integrators  (12 on 

card 1 0 ,  1 3  on card 11) and of  the  corneal  posit ion  integrators 

( s 4 ,  $5 on card 1 2 )  are   appl ied t o  the  scan summing amplifiers 

as  shown in  Figure 14.  

In  the p u p i l  search mode the  circular  scan i s  suppressed 

and the 5 tracking loops  are  disabled.  Fixed dc voltages  are  ap- 

p l ied  t o  the x and y pupil   scan  posit ion error demodulators,  in 

place of the  video  as  in normal t racking.  One of  the  demodulator 

electronic  switches  in  each of the p u p i l  demodulators i s   i n   t he  

transmitt ing  condition and one i s  in  the  nontransmitt ing  condi- 

t i on .  Thus the dc voltages  are  propagated  through  the  demodulators 

with a polarity  depending on which  of the two demodulator  switches 

i s  t ransmit t ing.  These voltages  cause a ramp output from the 

pupi l   in tegrators .  When these ramps exceed a ras ter   threshold 

voltage (f 7 vol ts   in   the  pupi l   channels  f 10 vol t s   in   the   cornea l  

channels )   the   appropr ia te   ras te r   s ta te   sensor   (a l l  on card 6 )  

switches i t s  condi t ion  (e   .g .  , it might be f r o m  A = "l" t o  A = "0" , 
where A i s  t he   r a s t e r   s t a t e   l og ic   s igna l   fo r   t hepup i l  (x) r a s t e r ) .  

A change in   condi t ion of a ras te r   s ta te   log ic   s igna l   causes   the  

associated  demodulator  switches t o  change t ransmission  s ta tes  
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( i . e . ,  a switch  that  was t ransmit t ing becomes nontransmitt ing 

and vice-versa) and th i s   i n   t u rn   causes   t he  dc voltage  applied 

t o  the  associated  integrator  t o  change polar i ty .   This   in   tu rn  

causes  the ramp d i rec t ion  (of  that   in tegrator   output)   to  be 

reversed, and thus  the  system  generates a sawtooth  ( tr iangular) 

waveform. The voltages  applied t o  the x and y channels  are  chosen 

t o  make the  half   periods of  these  t r iangular  waves approximately: 

pupil  x: 6 m s  

pupil  y :  60 m s .  

These  sawtooth waveforms are  applied t o  the  scan summing 

amplifiers  producing a coarse 10 l ine   ras te r   scan  of the image 

dissector  aperture  over  the eye  space. The video from the 

image d issec tor  i s  applied t o  the  pupi l   s ta te   sensor  on card 8 .  

When the  video  level  exceeds a threshold  level  (determined by 

the   s e t t i ng  of the  pupi l   acquis i t ion  threshold  control)   the  

l o g i c   s t a t e  o f  the  acquisition  comparator  changes and the 

system i s  then  held  in  the  pupil  track mode f o r  0 . 1  seconds 

( i . e . ,  Q = 1). While in   the  pupi l   t rack mode the  video i s  

applied t o  the loss of p u p i l  track  comparator. When the  video 

l e v e l   f a l l s  below a threshold  level  (determined by the  pupil  

loss threshold  control)   the  pupil  loss comparator  changes i t s  

logic   s ta te   and,  if the  system  has been in   pupi l   t rack   for  more 

than 0 . 1  sec,  causes’  the  system t o  go out of p u p i l   t r a c k   ( i . e . ,  

Q 0 ) .  

When the system i s  in   pupi l   t rack,   the   corneal  t i m e   ( t i m e  

periods 32 - 6 4 )  may be devoted t o  e i ther   corneal   search (R = 0) 

o r  t o  corneal  track (R = 1).  The co rnea l   s t a t e  i s  determined 

by card 7 (cornea l   s ta te   sensor )   in  which the  video i s  applied 



t o  the c o r n e a l   a c q u i s i t i o n   a n d   c o r n e a l  l o s s  comparators ,  i n  a 

similar way t o  the o p e r a t i o n   o f   t h e   p u p i l  s ta te  s e n s o r .  

Eye d i r e c t i o n  i s  p r o p o r t i o n a l   t o  the ou tpu t   o f  the 

c o r n e a l   i n t e g r a t o r s .   T h e s e   i n t e g r a t o r   o u t p u t s  are a p p l i e d  , 
via  e l e c t r o n i c  switches, t o   a m p l i f i e r s   o n   c a r d  16 which have 

p r o v i s i o n   f o r   f r o n t   p a n e l   i n d i v i d u a l   a d j u s t m e n t   o f   g a i n   a n d  

o f f s e t .  The func t ion   o f  the e l e c t r o n i d  switches i s  t o   s u p p r e s s  

the raster waveforms i n  t h e   s e a r c h  mode. A 20 m i l l i s e c o n d  RC low 

pass  f i l t e r  i s  a l s o  i n c o r p o r a t e d   i n t o  the o u t p u t   a m p l i f i e r .  

The s i g n a l   ( f r o n t   p a n e l )   o u t p u t s   p r o v i d e d   i n  the Oculo- 

meter are 

e y e   d i r e c t i o n  x c a r d  16 a m p l i f i e r s  

e y e   d i r e c t i o n  y 

p u p i l   p o s i t i o n  x ( J Z )  

p u p i l   p o s i t i o n  y (J3)  

p u p i l   d i a m e t e r  ($1) 

c o r n e a l   l o g i c   s i g n a l  (R) 

p u p i l   l o g i c   s i g n a l  (Q) 

v ideo  ( A l )  

t i m i n g   p u l s e s :  s tar t  ( t o )  

s can   pu l se s :   midd le   ( t 32 )  

scan p a t t e r n  x ( A  14) 
s c a n   p a t t e r n  y ( A  15) 

I n   t h e   p u p i l  Crack mode (Q = l), t i m e  p e r i o d s  0-5 and 

27-32 are n o t   u s e d   f o r   t r a c k i n g   D u r i n g  these pe r iods   t he   s cann ing  

a p e r t u r e  i s  b r o u g h t   t o   t h e  cen t ra l  reg ion   of   the   pupi l   and  made 

t o   e x e c u t e  a raster ( l i n e   f r e q u e n c y  64 kHz, frame frequency 3 . 2  kHz) 

approximately .08 i n .  square  (a t  the e y e ) .   T h i s  raster i s  termed 
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the peak white sampling raster. The v ideo  level  e x i s t i n g   d u r i n g  

t i m e  per iods  0-5,   27-32  provides  a measure o f  the peak white level. 

Th i s  is used i n  t h e   h a l f   p e a k  white clamp  (on  card 9)  and i n  t h e  

peak white clamp  (on  card 7 ) .  

D e t a i l e d  Circui t  D e s c r i p t i o n  

Cards 1 and 2 I n   t h e   p r e v i o u s   d i s c u s s i o n  i t  has   been   seen  

t h a t  the t r a c k i n g   f u n c t i o n s   o f  the Oculometer are a l l  based  on  sub- 

d iv i s ions   o f   t he   bas i c   Ocu lomete r   pe r iod   o f  2 m s  (which i s  broken 

down i n t o  the 64 time p e r i o d s ) .  A master c l o c k   o s c i l l a t o r  i s  used 

t o   g e n e r a t e  a l l  the t iming ,   swi t ch ing ,   and  scan f r e q u e n c i e s   a s s o c i a t e d  

w i t h  the bas ic   Oculometer   per iod .  The c l o c k   g e n e r a t o r  i s  a 256 kHz 

c r y s t a l   o s c i l l a t o r .   ( A c u t r o n i c s  J C  15-222 256 kHz). I t s  256kHz 

s i n u s o i d a l   o u t p u t  i s  a p p l i e d   t o  a chain o f  9 f l i p   f l o p s .   ( a l l   f l i p  

f lops   i n   t he   Ocu lomete r  are F a i r c h i l d  9926)   thereby   genera t ing  

square  wave s i g n a l s   1 2 8 ,   1 2 8 ;   6 4 ,  64; 32,  3 2 ;  1 6 ,  1 6 ;  8 ,  8;  4 ,  6; 
2 ,  7 ;  1, 1; 0 . 5 ,  0 . 5  (See   F igure  22 f o r   e x p l a n a t i o n   o f   n o t a t i o n ) .  

- 
- 

These s i g n a l s  are a p p l t e d   t o  a network  of  6 i n p u t   g a t e s   t o  

gene ra t e   t he   t iming   pu l se s  

t 

a r e   u s e d ,  l a t e r  o n ,   t o   s y n t h e s i z e  the va r ious   t iming   pu l se s .   A l so  

gene ra t ed  on c a r d s  1, 2 are the  T pu1se.s.  This i s  z e r o  a t  a l l  times 

e x c e p t   f o r  2 m i c r o s e c o n d s   s t a r t i n g  1 microsecond af ter  the beginning  

of  time pe r iod   ze ro  when i t  i s  l o g i c a l  1. It i s  u s e d   t o  reset a l l  

f l i p   f l o p s   i n  the Oculometer a t  the   beginning   of   every  2 m i l l i s e c o n d  

b a s i c   p e r i o d .  

t 2  t 3  t5 t7 t10 t14 t18 t22  

25 t27  t28  t32  t40  48  t56 t (See   F igure   22) .  These p u l s e s  
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1 
0 

1 
0 

1 
0 

1 
0 

1 
0 

Pulse 

n 

5 27  P /Q = 5P27 when Q = 1 

= 0 when Q = 0 

S3 means  drive for switch 3 
switch 3 is  transmitting  when S3 = 1 
switch 3 is  nontransmitting  when S 3 = 0 

5 P 1 4 / Q , A  = 5P14  when Q = 1 

= A  
when Q = 0 

Labe 1 

4 

i; 

5 8  

5 '27 

0'5'2 7 ' 3 2 

Figure 22 T I M I N G   N O T A T I O N  
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Cards 3,4,5 Standard  Oculometer  signals  are  generated 
as  specified in Table3 (See Figure 22 for explanation of 

notation). 

Card 6 This  card  contains all four  raster  threshold 
sensors. It generates  the  logic  signals  A,C, E and G (used  to 
generate  the  raster scans). 

Card 7 This  card  functions  as  the  corneal  state 
sensor.  A  simplified  schematic  is  shown  in  Figure  23.  The 
input  video  (from  Al)  is  clamped  to  peak white. (That is, the 

capacitor  shown  in  Figure 23 is charged  up  during  time  periods 

0-5, 27-32, to  the  average  peak  white  level.  This  charging ac- 
tion  is  accomplished when S32 becomes  nontransmitting  through 
the  shorting  of  the  signal  line  at  S32  to  ground. When this 

switch  becomes  transmitting,the  short to ground  is removed, 
and  the  capacitor  is  left  (in  a  high  impedance  circuit) with 
a  potential  equal to  the  peak white  level  but of a  polarity 
such  as to cancel  the  peak  white  level  dc  component of the in- 
put video. ) 

Card 8 This  card  is  the  pupil  state  sensor  and  is 
very  similar  in  operation to  that of card 7 The video on 
which  card 8 operates  is  unclamped,  however,and  is  derived  from 
card 0. A  simplified  schematic  is  shown in Figure  24. 

Card 9 The  functions  performed on card 9 are: 
(1) Clamping to one-half  peak  white  (see  Figure  25) 

(2) Amplification  of  tracking  video  (output  at A3 and  A4) 
(3) Injection of raster  voltages 

(4) Injection of dc voltage (via  S33)  to eliminate  dc  component 
of corneal  video.  This  voltage is adjustable with a trim 

pot  located  at  the  top  exposed  edge of the card. 
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TABU 3 

SIGNALS GENERATED ON CARD 3 

0 5  P + 27P32 (= s33) 

7'14 " 18'25 

27 '5 
- 

27 '5 

32'64 

32'64 
- 

5'27 
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TABLE 4 
SIGNALS  GENERATED ON CARD 4 
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TABLE 5 

SIGNALS  GENERATED ON CARD 5 

'11 - '12 - 32 64 
- - P /Q 

- 
'14 - '16 - 32 64 - P /R 

'23 32 64 = Scb = P /Q 

'19 = '20 - 32 64 
- P / (Q and E) 

'10 40 56 = P /R,G 

'9 - 32 40 - P /R,G 

'7 48  64 = P /RE 

' 8  - 32 48 - P /R,E 
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Acquisition  Threshold 

Electronic  Acquisition 
Comparator 

4 
Video 
(From A l )  

Clamps I 
Video 
To 
Peak 
White 

/ Loss ComDarator I 
Amplifier J 
Rise  Time 
0.1 ms 

7-50 ms 

Loss Threshold -/ 
Control 

Inhibits Loss 
For 100 ms After 
An Acquisition 

Figure 23 CORNEAL STATE SENSOR (Card  7 )  SIMPLIFIED SCHEMATIC 



When the  Comparator  Switches  to 
The  "Track"  State it Latches on 
For 10 m s .  There is a  Negligible 
Latch  Action on Switching  to  the 
"LOSS" State 

2 1  + LPF - - 
I1 = .25 rns Acquisition 

Comparator - 
F1 ip 
Flop 

Video  From Card0 - _I 
I 

Electronic 
switches 

LOSS Comparator 
74.5 m s  

27 - LPF - -F- LPF - 
II 

"- "kD"; = 10 ms 100 ms - One Shot 

Inhibits 
LOSS 
For 100 ms 
After an 
Acquisition 

Figure 24 PUPIL STATE  SENSOR (Card 8) SIMPLIFIED SCHEMATIC 



- = v> 
R 

R - 

ET 
+ 

gwltch (s ) 
32 

- Vout 
Capacitor  C  charges  up  to  peak  white (V = V ) in time  periods 

0-5, and 27-32. The ou.tput from  amplifier at other  times  is: 
in P W  

2 s  
R 

V 
= -  ( V  in - ?> 

V 
Since the average  value of V. , in  pupil  time,  is  nominally 
the half peak  white  clamp  assures that, nominally, V has  zero 

average  value in pupil  time. 

In 2 ,  
out 

Figure 25 :HALF PEAK WHITE CLAMP ON CARD 9 

40 



Cards 1 0 ,  11, 1 2  These cards  contain  the 5 Oculo- 

meter tracking  loop  circuits.   Their  operation  has  already  been 

explained and the  schematic   c i rcui ts   are  shown i n  Figure 1 4 .  

Card 13 The c i r c u i t s  on this  card  modulate two input 

1 kHz sinusoids ( 9 0 "  o.ut of phase  with  each  other). The modula- 

t ion   s igna l  i s  a dc voltage from in tegra tor  1 on card 10. L e t  

vKnS 
be the rms voltage of the  control led 1 kHz and Vdc the 

control   vol tage.  

The control  action i s  specif ied by the  equation 

V = 0 . 2 5  + 1 . 3  Vdc 
? X l S  

The zero t o  peak amplitude V of the  controlled 1 kHz i s ,  peak 

'peak = 2 vms = 0.5  + 2 . 6  Vdc 

The scale   factor   a t   the   output  of card 1 3  i s  30 vol t s / inch .  

Let d be the  pupil  diameter  in  inches 

d 
'peak 2 = - x 3 0 = 1 5 d  

- 15d 0 .5  
2 . 6  2 . 6  %C 
"" 

= 5 .8  d - 0 . 2  

This  equation shows how the  output  voltage (Vdc) of in tegra tor  1 

i s  r e l a t ed  t o  the  pupil   scan  diameter  in  inches (d) re fe r red  t o  the 

eye.  
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Cards 14,  15 The scan  signals  are  assembled on these 

cards  under  the  action o f  electronic  switches 11, 1 2 ,  1 3 ,  14, 
15, 1 6 ,   2 8 ,  30 and 31 ,  as  shown in  Figure ,i4. The t w o  output 

a t tenuators   are   the t r impo t s  mounted a t   t h e  exposed  edge  of 

the  cards.  They have been set t o  give  the  correct  scale  factor 

a t   t h e  eye and their   se t t ing  should  not   normally be changed. 

The def lec t ion   co i l s  d.0 not provide  exactly  orthogonal 

def lec t ions .  For  th i s   ' r eason ,  a small   f ract ion o f  the  output 

of  amplifier 15 i s  fed  into  amplif ier  14 t o  c o r r e c t   f o r   t h i s  

lack  of  orthogonality. 

The def lect ion  character is t ics   of   the  Oculometer were 

measured by tracking an a r t i f i c i a l   p u p i l ,  on a movable x y carr iage 

mounted a t   t h e  eye  space.  In  Figure 26 the   posi t ion  coordinates  

( r e l a t ive  t o  arbitrary  orthogonal  axes  which  are  parallel  

t o  the normal x and y axes a t   t h e  eye   space)   o f   the   a r t i f ic ia l  

pupi l   are   plot ted  for   the  f ive  cases   def inedby:   integrator  2 

output ,  0 f 1 v o l t ,  in tegra tor  3 output :  0 f 1 v o l t .  

Card 16 This  card  contains  the  eye  direction  output 

amplifiers and regulated power suppl ies   for  +12 v o l t s ,  +15 v o l t s ,  

-15 vo l t s  and - 6 . 2  v o l t s .  T r impo t  adjustments  for  these  voltages 

are   located  a t   the  exposed  edge  of  the  card. 

Card 0 Card 0 has two functions: 

1. the  input  video from A1 i s  inverted and amplified by 2 . 5  

times and applied t o  card 8 .  

2 .  generation  of S 2 2  = 32P64 / Q  when R = 0 

= Q  when R = 1 

J 



x 

Figure 26 IMAGE DISSECTOR AXES 
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Power Supplies 

The power supplies  used by the Oculometer a re  

1 Technipower MC 3.7 - 4 .0  (+3.6  logic  supply) 

2 Technipower MC 1 9 . 2  - 4 . 0  (ic 20 V for   def lect ion  amplif ier)  

1 Technipower SCR 'LO . O  - 1 2 . 0  (8.5 V for   f i lament  lamp) 

1 Del Electronics 2 . 5  RN 4 - 1  (2.0 kV image dissector  supply) 

These power suppl ies   are   located  with  the  def lect ion 

amplifier on the  faceplate  of  e lectronics   rack.  

PERF O'RMANCE 

As a preliminary  evaluation of  performance,  the Oculometer 

eye direct ion  outputs  (x and y) were recorded on a s t r i p  char t  

as the eye f ixa t ed   s t ead i ly   a t   each  of a horizontal  row of  points 

each 1 i n .   a p a r t   a t  a range of 53 i n .  (These points  thus  appear 

t o  be approximately 1" apa r t   a t   t he   eye ) .  These recordings  are 

shown in  Figure 2 7 .  It can be seen  that   the  combined noise   l eve l  

of the  eye and of  the Oculometer i s  about  0.5". The dynamic 

range  of  the  device is about *15 degrees  in  both  axes: L t  i s  

l imited by 

(a)  the  requirement  that   the  corneal  reflection 

stay  within  the  pupil  

(b)  upper  eye l i d  obscuration when looking more than 

ten  degrees below the Oculometer axes.  

A simple  demonstration  experiment  with  the Oculometer 

i s  shown in  Figure 28.  



Y Channel Output 

/ X Channel  Output 

ul w 

I T ime  - 
x Output vs 
Fixation  Position  Figure 27 LINEARITY CROSSTALK DIMENSIONS 



A 

B C 

The operator (A) scans  his  eye  over the  outer  edge of the Oscilloscope (3), the 
circular edge of the CRT Screen, and then  fixates at  each of the six  control  knobs. 
The Oculometer  measures  the  direction of his  eye  during  this  operation  and a 
record of the Oculometer  output (C) shows an  "eye-drawing'' of the  Scope. 

Figure 28 EYE TRACKING WITH THE OCULOMETER 
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APPENDIX A 

EYE REFLECTIVITY MEASUREMENTS AND ANALYSIS 
The following  analysis i s  based on a f irst  order  approximation 

of the  eyebal l   opt ics .  

Referring  to  Figure A . l  with  the  following  notation: 

r =  

d =  

a =  

B =  

L =  

S 

A =  m 

A =  
S 

P =  

r e t ina l   r e f l ec t ance  

transmission of eye  media 

pupil  diameter 

distance from eye  lens t o  r e t i n a  

l ight   source  br ightness  

camera lens t o  film  plane  distance 

area of  camera lens  aperture 

co l lec t ion   op t ica l  s y s  tern transmission 

i l luminat ion  opt ical  sys  tem transmission 

p u p i l  t o  camera lens   dis tance 

source  area 

r e f l ec t ion   f ac to r  of cornea 

The to t a l   quan t i ty  of  i l luminat ion (Q’  ) incident  a t  the  eye p u p i l  
P 

i s  given by 

2 
Q’ = A B  - * t watts 

P s s  4 s2 I 
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/ 

S - Lens/Pupil Light Source 
u Retina 

Image Dissector 
(3\ and Image  Photocathode Dissector Lens 

(Effec t ive ly ,   bu t   no t  
ac tua l ly   co inc iden t )  

Eyeball 

Figure A . l  UNFOLDED  VIEW OF NEW P U P I L  IRIS BOUNDARY ILLUMINATION  TECHNIQUE 



The area of the  Ret inal  image i s  (--) A, and the   re t ina l   i l lumina t ion  a 2  

is 

Retinal  brightness i s  

ER 2 
BR 

= k - watts/steradian/cm R T  

The br ight  image on t h e   r e t i n a   r a d i a t e s   l i g h t  back to   the  

p u p i l .  The t o t a l  amount col lected is Q" where 
P 

The area of the  pupil  image on the  photocathode i s  

 IT^ L2 
4 

- 
S2 

Thus the  i l luminat ion of the  photocathode i s  given by E 
PC 

(A-3)  

Where h i s  the  f ract ion of the  area of the  source  that  i s  
contained  within  the  area of the   co l lec t ion   lens   ( i . e . ,  0 h 5 1). 

Let f be the  focal   length and F the f /number of the  lens.  Let 

m be t h e  l inear   magnif icat ion between p u p i l  and p u p i l  image on the 

photocathode. 

Then 
4 A  
-a 

IJ ( f / F I 2  

1/s + l/L - l / f  
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m = L/S 

. 4 A  2 .. m 
lr 

Where F '  i s  the f/number of the  rays  diverging from the  eye. 

2 2 
tc I s R  t A k  T B d l  - - S 

Subst i tut ing  for  L from equation 6 

Consider now a diffuse  ref lector   located  in   the  plane of the 

eye. The i l l umina t ion   a t   t he   r e f l ec to r  i s  E given by RR ' 
A B tI 

E~~ S2  

- - s s  

Let k,,, be the  ref lectance  factor   of   the   diffuse  ref lector .  



The brightness of t he   r e f l ec to r  i s  

The i l lumination of the  screen i s  E where 
Pcr 

E - - B~~ 
Pcr 4F’ m 2 2  

- - IT kn As Bs tc 
12 2 2 4 F  m I T S  

The r a t i o ,  R ,  of  the  Illuminations E and E i s  
PC Pcr 

E A 

Ep cr 
2 d 2 z  S2 R = = A (F) (kR T ) (;) 

m % * s  

Subst i tut ing from equation (6) for  A m 
3 

d 2 , 2  R R = A ( -  ) (;> F 
kD 

The brightness of the  corneal   ref lect ion i s  B s  t 
2 I P  watts/cm  /steradian. The i l lumination E of the image of the 

corneal   ref lect ion  a t   the   photocathode i s  given by 
c r  
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The r a t i o  of t he   i n t ens i ty  of  the  corneal  reflection image 

t o   t h a t  of the  pupil  image i s  

E 
I c r  4 p  - =  (A-9) 

Photographic  Tests 

In   order  t o  confirm,   in   pract ice ,   the  new il lumination 
2 technique, and t o  measure  the e f fec t ive   re f lec tance   fac tor  (T 

of the eye i n   t h i s  mode, a s e r i e s  of  photographs were taken. 
kR) 

A sketch  of  the  optical  system  used  in  testing i s  shown i n  

Figure A-2. The eye i s  i l luminated by the  magnified image of a 

tungsten  filament lamp. The p u p i l  of the eye i s  imaged on the  f i lm 

plane  of a Honeywell Pentax  camera. The fi lament image placement 

was such  that i t s  center  appeared ( t o  the  subject 's   eye)  physically 

coincident  with  the  center of the camera lens  aperture.  

In  t h i s  configuration, s imple  t heo ry   p red ic t s   t ha t   a l l   l i gh t  

emerging  from  the  pupil w i l l  reach  the  f i lm  plane  provided  that   the 

following two conditions  hold: 

(a)   the   effect ive camera lens  aperture i s  larger  than o r  equal 

t o  the  filament image area;  

(b)  the  subject 's  eye i s  focused on a p o i n t  in   the  plane of the 

lens  aperture.  
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Figure A . 2  OPTICAL SCHEMATIC OF EXPERIMENT 
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The f lux   dens i ty   in   the   pupi l  image (on the  film) w i l l  then 

be given by equation (7) above. 

In  the  experiments,   pupils of a number of subjects were 

photographed in   t h ree   spec t r a l  bands. For  comparison  purposes, 

a d i f fuse   re f lec tor   (F iber f rax  970 J H  ceramic  paper) was a lso 

periodically  photographed.  Densitometry of the  resul t ing 

negatives  then  allowed  experimental  determination of t he   r a t io ,  R. 

The diameter of the p u p i l  of  each  subject was always  measured and 

recorded. The distance "a" was assumed t o  be 20 mm for  each 

subject .  Then a l l   t he   va r i ab le s   i n   equa t ion  ( 9 )  except  for T k 
2 

were known, and the  values of T kR could be calculated.  

2 
R 

As was mentioned,  the  pupil was photographed in   t h ree   spec t r a l  

bands. The r e l a t i v e   s p e c t r a l   s e n s i t i v i t i e s  of these bands a re  

shown in   F igure  A-3. 

Other   re levant   var iab les   in   these   t es t s   a re  shown i n  Table A-1. 

Experimental  Results and Their   Interpretat ion 

The results of these   t es t s   a re  shown i n  Table A-2. As can 

be seen,  the measured value of T k is.approximately 0.02 i n  R 
each of the  three  wavelength  bands. 

2 

The following  statements  should be borne i n  mind in   t he  

in t e rp re t a t ion  of these   resu l t s .  The value of T k was calculated 

on the  basis of the  simple  theory  above. The assumption was  made 

that  the eye was focused on the  plane of the  iens  aperture  (or  the 

plane of the  filament  image). I n  a c t u a l i t y ,  i t  was d i f f i c u l t   f o r  

2 
R 
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TABLE A .  1 

EXPERIPENT CONDITIONS 

0.6 - 0 . 7 ~  0.7 - 0.8 I-L 0.8  - 0.9 p, 
Var iab le  Test Test Test 

Source Area 0.75 B q  c m  0.75 sq c m  1.2 sq c m  

Lens  Aperture Area 0.95 sq c m  0.95 sq c m  0.95 sq cm 

F i l t e r s  Used Wratten #25 Wratten $125 Wratten  #25 

B&L $190-7 Wratten #34A Wratten #34A 

Ealing  #26-305  Ealing #26- 305 

Fi lm 

Fi lament  Temp. 

Approximate 
C o l l e c t i o n  
f /number 

High  Speed I R  High  Speed I R  High  Speed I R  

3000°K  3000°K  2300'K 

47.5 57.5  47.5 



Note:  These curves  are  normalized  such  that 
the  areas under  each  curve are  equal.  

0. 5 0. 6 0. 7 0. 8 0. 9 1.0 

Wavelength (Microns) - 
Figure A , 3  RELATIVE SPECTRAL SENSITIVITIES OF THREE  PHOTOGRAPHIC TESTS 
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the  subject  to  focus on that   p lane  ( largely  for   psychological  

reasons) .   I f   the  eye was real ly   focused a t  infinity,   then  simple 

theory shows t h a t   n o t   a l l   l i g h t  emerging  from  the  pupil will pass 

through  the camera lens  aperture as assumed. In   several   ins tances ,  

the camera lens  aperture was opened up so  as  t o  be much la rger  

then  the  filament  images;  in  these  instances,  the p u p i l  luminance 

appeared  to  increase, which i s  consistent  with  the eye  being 

focused on  some plane  other  than  that of the  l ight   source.  

2 
I t  i s  suspec ted ,   therefore ,   tha t   the   rea l   va lues  of T kR may 

be somewhat greater  (perhaps by a fac tor  of two) than  the measured 

values shown i n  Table A-2 .  What Table A-2 does present a re  

e f fec t ive   va lues  of T k for  the  given  experimental  conditions, 

which closely  duplicate  the  conditions  that  w i l l  e x i s t   i n   t h e  

actual  Oculome t e r  . 

2 
R 

APPENDIX B 

Calculation of  Oculometer Signal/Noise  Ratio 

The general   expression  for  the p u p i l  s igna l ,  S ,  i n   u n i t s  of 

electrons  per sample time, i s  given  as  follows: 

where 

E = flux  density  at   photocathode due to  the p u p i l  (watts/cm ) 

K = a constant which i s  equal t o  approximately 4.6 x 10 

2 
PC 

18 

photons p e r  watt-sec,  f o r  a wavelength  of 0 .9  micron 
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T = sample  time 

A = area of I D  tube  aperture 

Q = mean photocathode quantum ef f ic iency  

S 

aP - 

The value  of i s  determined by the  following  formula: 

1 

where A and A are  l i m i t s  of oculometer  wavelength band. 1 2 

From equation ( A - 7 )  (with A = A and h = l), the 
S m 

expression  for E i s  given  as  follows: 
PC 

2 n B  
E 

PC = (kR T 2 )  (i] (31 (3) (9) tI tC 

where 

kR = effect ive  ref lectance of r e t i n a  

T = transmission of ocular media 

d = diameter  of p u p i l  = 3 mm minimum 

a = focal  length o f  eye = 20 mm 

m = magnification of  eye image = 1 

F '  = f/number  of op t ics  = 50 

tC = transmission of co l lec t ion   op t ics  



BS 
= brightness of source 

= transmission of i l luminat ion  opt ics  

The  maximum usable  value of the  quantity t €3 i s  determined by I s  
the maximum safe   level   of   radiat ion  that   can  fa l l  on the human r e t i n a  

for  long  periods  of  time. 

From information  obtained from the  Retina  Foundation 

(0. Pomerantzeff),  the maximum rad ia t ion   l eve l   a t   t he   r e t ina  which 

w i l l  not  cause damage i s  0.75 calosies/cm/sec,  i . e . ,  

3 watts/cm . A 20 t imes  safety  factor w i l l  be u t i l i z e d  and the 

maximum value of re t ina l   i l lumina t ion  w i l l  be l imited t o  0.15  watts/cm . 
2 

2 

The re t ina   f lux   dens i ty  i s  given by the  following  expression: 

The  maximum usable  value of B t can  then be calculated by S I  
l e t t i n g  d eq,ual 7 mm and "arr  equal 20 mm. To be conservative,  i t  

w i l l  be assumed (here)   that  T = 1. 

Then , 

2 
(Bs tI)max = 1.5  watts/cm  /steradian (10) 

2 The value of T k has  been  experimentally  determined t o  R 
approximately 0 .02  (see  Table A - 2 ) .  The value of t i s  approximately 

0 . 4 .  The value of  E may  now be calculated.  
C 

PC 
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E = 2 .12  - wattslcm 2 
PC 

It should be noted  that   this  value  of E holds  for a pupil  
PC 

diameter of 3 m  which i s  equal t o  about  the minimum t o  be expected 

i n  most s i t ua t ions .  The pupil   signal  can now be calculated from 

equation (B.1). The basic sample time T i s  one mill isecond and 

the  diameter  of  the I D  tube  aperture i s  20 m i l s  a t   the   eye .  
S 

The value  of 6 i s  dependent  both on the  type of  photocathode 

used, and on the  wavelength band of the Oculometer rad ia t ion .  

Several   relevant  cases  are  presented below. 

For  an S-20 surface and radiat ion between 0 . 7  and 0 . 8  micron, 
- 
Q equals 0 .012 .  

For  an S-20 surface and rad ia t ion  between 0 . 7 5  and 0.85 
- 

micron, Q equals  0.0035. 

For  an S-1 surface and rad ia t ion  between 0 . 7  and 0 . 8  micron, 
- 
Q equals  0.0039. 

For  an S - 1  surface and radiat ion between 0.75 and 0.85 
- 

micron, Q equals  0.0039. 

For  an S - 1  surface and rad ia t ion  between 0 .8  and 0.9.micron, - 
Q equals  0.0035. 

Table B . l  gives  the  values of s igna l  and signal-to-noise 

ra t io   for   the  var ious  values  of 6 .  It  i s  assumed tha t  s h o t  noise 

in   s igna l  i s  the  only  noise  source. 



Table B . l  

OCULOMETER SIGNAL DUE 'TO PUPIL SCAN 

(Photoelectrons  (Signal-To 
Photocathode  Wavelength Band per sample time) Noise Ratio) 

s -20 0 . 7  - 0 . 8  w 2048 45 

s -20   0 .75  - 0.85 w 602 24 

s-1 0 .7  - 0 . 8  ~ 1 -  672 26 

s-1 0.75  - 0 . 8 5  w 672 26 

s-1 0 . 8  - 0 . 9  CL 601 24 

The w o r s t  case  dark  current  with  an S-1  surface  (a t  20°C) i s  

lo-'' amp/cm at  the  photocathode. With a 20 m i l  aper ture   the   to ta l  

dark  current w i l l  be 

= lo-'' x 2.032 x = 2.032 x 10 - 14 
IDK amp 

Over a 1 . 0  m s  sample  time the number of  thermal  electrons 

emitted w i l l  be 

From Table B . l  the  corresponding number o f  s ignal   e lectrons 

i s  about 602,  so t h a t ,  even i n  a wors t  case of dark  current,   the 

noise  in  the  dark  current w i l l  be negl igible  compared t o  the  shot 

no ise   in   s igna l .  

It has been shown i n  Appendix A that  the  ratLo  of  the 

brightness of the  pupil  and cornea l   re f lec t ion  images i s  



-2  2 
p - 2 . 5  x 10 ( [SI where n = 1.376)  

h A ~ / A ,  = 1 

2 kRT =;: 2 * 10 -2 

(d/a) = 1/50 (for  a 3mm pupil)  2 

The diameter by the  corneal  reflection  (at   the  eye) i s  

about0.0027  in. Thus t h e   r a t i o  of  the image d issec tor   s igna ls ,  

for   the  two images, i s  

S c r  

PC 

" 

S - 250 xpd = 4.6 

The Oculometer s igna l   for   the   cornea l   re f lec t ion  can  thus be 

estimated from the p u p i l  s ignal  given  in  table B . l  by multiplying 

by 4.6 
Selection of  Wavelength Band 

The previous  analysis  has shown tha t  an  adequate  signal-to- 

no i se   r a t io  can be obta ined   a t  any of the  three bands investigated 

( 0 . 6  P ,  0 . 8  P - 0 . 9  P ) .  (The p o s s i b l e  use of nea r   u l t r av io l e t  

radiat ion was rejected  because o f  the l o w  transmission  factor  of 

the  ocular media a t  the  blue  end of  the  spectrum. The  new pupil  



illumination  method  depends upon transmission of radiation  through 

the  ocular  media  between  the  retina  and  the  front of the  eye.) 

The  final  choice of the  operating  band was made  to  satisfy  the 
requirement  for  the  use of invisible  radiation.  The  apparent 
brightness of the light  source  is  BSti. From equation (10) this 
is 1.5 watts/cm  /steradian.  The  apparent  visibility of this  source 
is 

2 

v = 600 X 10 X 1.5 x V I  candles/sq ft 3 

= V I  x l o 6  candles/sq  ft 

where V,, is  the relative  visual  response  at  the  wavelength ( A )  

(i.e., V h  = 1 at h = 0.505 P ) .  

At 0.85 P 

VA = 1.2 x 10 -7 

.. 0 V = 0.12 candles/sq  ft 

APPENDIX  C 

DEMODULATION  SCALE  FACTORS  AND  TRACKING  NOISE 

Let V be  the pupil  signal  level  corresponding  to  peak 
PW 

white  (that  is when the  image  dissector  scanning  aperture  is  wholly 
within the  pupil).  Let  the pupil  scan  be  displaced  by an amount 
(x", y") (referred  to  the  eye) from the  true  position  of  the  pupil. 
Then, to  first  order,  the  two 1 kHz modulation  components of the 

pupil video will be: 



V x(O.02) 4 y ( 0 . 0 2 ) 4  

pw T (0 .02)  pw T ( O . 0 2 )  2 '  2 

= -  zoo x v 
T PW 

200 
II 

' T  vpw 

The c o r r e s p o n d i n g   e r r o r   s i g n a l s   g e n e r a t e d  by the  demodulat ion 

f u n c t i o n s  shown i n  F igure  18 w i l l  be:  

200 1 = -  
X T 

24 

18 
dn - s in  - 

where n i s  t h e  t i m e  p e r i o d .  

Conver t ing   t o   deg rees  (1 t i m e  p e r i o d  = 11.25")  

j = -  2ooxV [(cos  56.25" - cos   157 .5") - (cos   202 .5"  - cos  303.75")l 
X 4T2 pw 

= 9 x V c o s 5 6  25 + cos   22 .5"  + COS 22 .5"  + COS 56.25" 
4T P W  NB 

200 x v 

2T 
- - 

2 1.478 

S i m i l a r l y   f o r   y :  
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v 22 

5 10 
= -  zoo y 13 17 cos - 27Jn dn - cos - 

32 
2Tn dn 

Y iT 32 

27 + 3 J cos 3 27~n dn, 1 
25 I 

- [ s i n  247.5" - sin  112.5"]  + 3[sin  303.75" - s i n  281.25"l 1 
+ [ s in   67 .5"  + s i n  6.7.5'1 - 3[sin  56.25" - sin  78.75"]  i 

= y V p w [ 3 ( s i n  78.75" - sin  56.25") + s in   67 .5"  
2m- 1 
200 

2m- 
= 2 Y vpw [1.37] zz 14 y V PW 

F o r  the   pupi l   channel ,   the   e r ror   s igna l ,  a i s  given by 
P 

= -  
P 

where d i s  the   pupi l   rad ius   e r ror -   in   inches .  

F o r  the  case o f  the  corneal  channel,   the peak corneal  signal 

(when the  corneal  reflect ' ion i s  to ta l ly   wi th in   the   aper ture)  i s  
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shown, in Appendix B y  to  be 4.6 V . Although the nominal re- 
flection  diameter is 0.0027 in., a 0.5 in. axial  position  error 
of the  eye can be  assumed which will  cause the reflection to be 
defocussed to 0.01 in. diameter.  The  scan  error  signals, for the 
corneal  case  (Ex, E ) may  be  calculated  in  the  same  manner as for 
the  pupil  channel; 

PW 

Y 

E = 4oo x (4.6 V ) 0 - cos 180) - (cos 180 - cos 360 
X 2 PW 4T 

(the factor 400 appears  here in place of the 200 in  the correspond- 
ing  pupil  expression  because  the  resolution-determining  reflection 
diameter is 0.01 in.,  i.e., one  half of the aperture  diameter 0.02 
in. which  determines  resolution  in  the  case of the  pupil) 

.'. Ex 40 x 4.6 V = 184 x V PW PW 

It  is shown in Appendix B that  the  peak  white  signal  level 

(vpw) is  due  to a  flux  of 600 photoelectrons  per  millisecond. 

The  total  number of photoelectrons,  per  one  millisecond  sample 
time, involved  in  the  pupil  x  demodulation  process  is 300 x(%] 
and  for  pupil y demodulation 300 X I = \ .  24 

The  tracking  noise ( X n' Yn) 
fluctuations  in  the above, i.e. 

\ d L I  

will be  due  to statistical 
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1 Y :. x - - 15 4 6 0 0 ) ~  (32)  41.4) 10 - 3  inches n 

- 1 2  
=: (1.7) 10 inches -3 

Yn - 
( 3 2 )  

The  output  circuits  of  the  Oculometer  have  a  rise  time of 

20 milliseconds,  Thus,  approximately 10 individual  millisecond 
samples of pupil  noise will be averaged by the  output  channel. 
Thus  the  effective  output  pupil  noise  level will be 

x = ( 0 . 4 7 )  l o e 3  inches n 

Yn 'I ( 0 . 6 3 )  inches 

For  the  pupil  diameter  channel,  a  similar  calculation  applies: 

Total  number of photoelectron/sample  cime = 
300 x 14 

32 

:. 14 x ( 6 0 0 )  d = n -\ l 3 O o 3 ;  '4 
where  d  is  the  pupil radius'noise  in inches n 

" - d n = 14 -d&o 3-2 x 

= 4 . 3  x 10 inches -3 



Referred  to  the 20 millisecond  rise  time  output  channel 

:. d = 1 . 4  x 10 inches. -3 
n 

For  the  corneal  channel  the  noise  calculation is as 
follows: 

Total  number of  photoelectrons  per  sample  time  is 

600 + '9 600 = 3 . 3  600 = 1980 

The  corneal  tracking  noise (x = y ) is given by nn  nn 

184 xnn 600 = f T 8 0  

ig%D :. x = nn 180 600 

= 4 x 10 inches. -4 

After the 20 millisecond  rise  time  filter: 

x =  ynn = 1.3 x 10 inches. -4 
nn 

The  total  tracking  noise of the  Oculometer  will  be  XnYn  where 

"- 
x = "2 2 2 
n n + 'nn YY n = -4Y: + Ynn 

= 0 . 4 9  x 10 inches, Yn= 0 . 6 4  x 10 inches. -3   -3  
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The Oculometer scale f ac to r  i s  approximately 3 x 10-3 
inches  per  degree so  t h a t  

x = 0.16"  n Yn = 0.21" 

It may be no ted   t ha t ,   i n   p r inc ip l e ,   t he  system  could be 

operated as a corneal   ref lector   t racker   only by displacing  the 

co l l ec t ion  and i l luminat ion  aper tures  (so tha t   the   pupi l  would 

appear  dark) and locking-up  the  pupil-tracking  channels. Under 

these  condi t ions  the  noise   calculat ion i s  as  follow. 

Total  number of  photoelectron p e r  sample t i m e  

:. 184 xnn 600 =If 1380 

"i7K 
= (3.4)  10  inches -4 :. x = nn 184 x (600") 

Applying the  output  smoothing  correction 

x '  = 1.1 x 10 inches.  -4 
nn 

Eye d i r ec t ion  measurement by corneal   ref lect ion  involves  a 

sca le   fac tor  of  approximately  3.3 x 10 inches p e r  degree. -3 

:. X '  = 0.03  degrees.  
nn 



6 In appendix D the  measured  tube gain is given as 3 x 10 . 
From this figure, and  the  current  gain factors,it  is  possible to 
compute  the  value  of  V in volts, at the  actual  demodulator  out- 

puts. 
PW' 

In terms  of  image  dissector  output  current: 

V = 3 X 10 x 600 X 10 X '1.6 X 10 amps 6 3 - 19 
PW 

= 2.88 x amps 

The  resistance  of  the  preamplifier  load  is 50 Kn, thus, in 
terms of A1 voltage  output 

v = 14.4 x volts. 
PW 

The  gain of A = 5 2 
A3/A4 = 1 

A7 = 7 (pupil  diameter) 
A8 = 15(pupil x) 

(A5/A6/A9) = 13(pupil y )  

AIO/AII = 15 (corneal  position) 

.. For  the  pupil  channel  diameter V = 35 x 14 x x 14 i 
= 6.8 volts/inch (of radius) 

For the  pupil  channel x = 75 x 14 x loe3 x 15 
= 15.8  volts/inch 

For  the  pupil  channel y = 65 x 14 x x 15 
= 13.7  volts/inch 

For the corneal  position 
channels = 75 x 184 x 14 x 

= 193  volts/inch 

(see Figure 21 for  definition  of Vi) 
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APPENDIX D 

IMAGE DISSECTOR TESTS 

Procedure 

Remove image d i s sec to r  assembly (IDA) from  Oeulometer. 

Measure output a t  output  of  preamplifier. 

1. Measure dc output  with Image Dissector  high  voltage  off (VO) 

2 .  Repeat  with  high  voltage  on, a l l   l i g h t s   o f f ,  and photo- 

cathode  covered  (VI).  Perform t h i s  t e s t  a t  four   points  on 

photocathode.+< 

3. S e t  up a small t es t  l ight   about  30 in .  from photocathode. 

Place  the EG and G Light Mike c lose   to   the  image d i s sec to r  

tube so  tha t   the  lamp f l u x   a t   t h e   l i g h t  mike de tec tor  i s  the 

same a s  a t  the  photocathode, Measure image dissector   output  

with lamp  on  (V3) and of f  (V4). Measure l i g h t  mike output 

(on x 100 range)   with  l ight  on (WI) and of f  (W2). 
4. Measure  dc output (V5)i and ac (rms) output (V6)i (using 

an RC LPF t o  l i m i t  bandwidth - record R and C but  use  values 

near R = 10 , C = 10 F) ( fo r  i = 1,2,3). Record value ( S j  

of image d i s sec to r   l oad   r e s i s to r .  

5 .  Photograph  uniformity  of  photocathode by dtsplaying on 

x. y scope. : 

x:  hor izonta l   def lec t ion   vo l tage   to  image d i s sec to r  

y :  image d i s sec to r   ou tpu t   f i l t e r ed  by 0 .5  see RC (NB x voltage 

should  be changed slowly  to  avoid  lag i n  the 0 .5  sec RC), 

Perform t h i s  tes t  a t  about 9 values   of   the   ver t ical  image 

4 -9 

d i ssec tor   def lec t ion .  

6 .  Photograph resolution  (as  above),  a t  cen ter  and a t  4 edge 

points  of  photocathode+<,  as  aperture i s  made t o  move over a 

sharp  blacklwhite  boundary. 

+< The point on the  photocathode is  selected by applying  appropri- 
a te  de f l ec t ion   s igna l s   t o   t he  x and y de f l ec t ion   co i l s .  
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Notation 

VO Output rms voltage  with  high  voltage  off  

V 1  Output  dc voltage  with  high  voltage o f f  

V2 Output  dc voltage  with  high  voltage on, a l l  l i g h t s   o u t ,  

photocathode  covered. 

V3 Output  dc voltage  with t e s t  l igh t   on .  

V 4  Output  dc voltage  with tes t  l i g h t   o f f .  

W1 Light mike output (on x 100 range)  with tes t  l i g h t  on. 

W2 Light mike output (on x 100 range)  with tes t  l i g h t   o f f .  

075) i =1, 2 ,  3 output dc voltage 

(V6 1 i=l, 2 ,  3 corresponding rms ac  voltage 
R , C  Values o f  RC f i l ter  used t o  measure  (V6)i 

S Image dissector   output   load  res is tor  

Spectral  Weighting Factors:  Light  mike:  0.82 

S1: 0.52 

Peak Light Mike Sens i t i v i ty :  7 mV/mW, detector   area 1/14 cm 

Image Dissector  Aperture  Area:  1.46 x 10 cm 

2 

- 3  2 

A Tube gain To be calculated 

J Dark current  

Z Tube s e n s i t i v i t y  ’ 

as spec i f ied  below 

Formulae 

Tube Gain 2 2 2 2 
3 

- v  
0 (‘6 0 (‘6) - v  

+ 2 + V 7  = 1 1 3  
“5’2 - v1 

A = 1 .25(V7)7  10 CR 19 
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- 3  - 07 x lo__ "" _ _  -1 3 

amps/cm 
J =  ~~ ~ 

6 4 3.01 x 10 x 5 x 10 x 1.46 x 
= 3 . 2  x 10 2 

Pho tographs   o f   un i fo rmi ty   p lo t s   and   r e so lu t ion   p lo t s  of  t h e  

tube  are shown i n  F igure  D . l .  

APPENDIX E 

OPERATING AND ADJUSTMENT PROCEDURES 

Normal O p e r a t i n g   I n s t r u c t i o n  

1. Check t h a t  a l l  17  c i r c u i t   c a r d s  are p lugged   i n .  

2 .  Check t h a t  a l l  t h r e e   p l u g s  o f  t he   cab le   ha rness   f rom  the  

optomechanica l   un i t  are p l u g g e d   i n t o   t h e   s o c k e t s   a t   t h e  

r e a r   o f   t h e   e l e c t r o n i c s   r a c k .  

3. Connect  the x and y s c a n   p a t t e r n   o u t p u t s   t o   t h e  x and y 

p l a t e s   o f  a CRT d i s p l a y .  Maximum s i g n a l ;   p l u s  o r  minus 

one v o l t .  

4. Connect  recording  equipment as r e q u i r e d .  

5 .  S e t  t h e   t h r e e   s w i t c h e s  a t  the   bo t tom  r igh t   o f   t he  

e l e c t r o n i c s   r a c k  i n  t h e  "of f"  p o s i t i o n .  

6 .   Plug i n  t h e   l i n e   c o r d ,   a n d   s w i t c h   m a i n  power swi t ch   on .  

7 .  Switch  on  high  voltage  and  the  lamp. 
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Resolution  Curves 

Figure D. 1 
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I f   the   acquis i t ion  threshold  controls  have  been set  cor rec t ly ,  

a coarse,   unsynchronized,  raster  scan  should be seen on the  scan 

pattern  scope.  If   the  eye i s  placed a t  the  eye  space,  the  system 

should  then  acquire  the  eye and f a l l   i n t o   t h e  normal pupi l ,  and 

corneal 

A.  

B. 

C. 

D. 

tracking  scan  witin  about  0.1  seconds. 

With a sheet of white  diffusing  paper  held  at   the eye 

space, i n  place of the  eye,  there  should be no i n t e r -  

rup t ions   ( fa l se   acquis i t ions)  of the p u p i l  search   ras te r .  

Place  the  eye a t  the  eye  space and move the head s o  t h a t  

the  pupil  scan  goes t o  the  edge of the  scan  pat tern  dis-  

play. The system  should  lose  track and rever t   to   the  

p u p i l  search mode. T e s t   a t   a l l   t h e  edges of the  scan 

pat tern  display.  

When the  eye i s  closed,  the  system  should  immediately 

lose track--the  pupil   scan  should  not  drift   off   to  the 

edge of the   scan   pa t te rn   d i sp lay   before   in i t ia t ion  of the 

p u p i l  r a s t e r .  

Move the head away from the  dichroic beam s p l i t t e r  

(keeping  the  pupil   scan  pattern  in  the  center of the  scan 

display  screen) for about 1 to 2 inches. The system should 

remain in   pupi l   t rack ,   bu t   lose   cornea l   t rack .  That i s ,  

a small  corneal  search  raster  should  appear  within  the 

pupil   area of the  scan  pattern.  . A  cloud of small  dots 

should be s e e n   i n   t h i s   r a s t e r  where the  corneal  tracking 

scan  exis ted  just   before  loss of corneal  track. A s  the 

head i s  moved back within  about  an  inch of i t s  nominal 

position,  the  system  should,  in one c lean   s tep ,   rever t  back 

t o  the  corneal  track mode with  the  corneal  tracking 

scan  t racking  the  t rue  corneal   ref lect ion  ( that  i s ,  not 
I 1  hung up'' on a f a l se   acqu i s i t i on ) .  
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I f   t he  system  passes  these  tests, i t  i s  ready f o r  operation. 

If   not,   adjustment of  the  acquisit ion  thresholds may  be necessary.  

Acquisition  Threshold  Adjustments 

P u p i l  .- - Acquisition: . (Periodic ~ " Adjustment Only) This  control 

i s  a t r i m p o t  mounted on the edge  of card 8 .  Set  the main p u p i l  

acquisit ion  control  (front  panel  knob).high enough t o  obtain a 

p u p i l  r a s t e r   a s   i n   t e s t  A above. With a piece of white  paper  held 

a t   t he  eye  space,  in  place of the  eye,   turn  the t r i m p o t  counter- 

clockwise u n t i l  a cloud of fa l se   acquis i t ions  i s  seen   in   the   ras te r .  

Turn the t r i m p o t  back (clockwise)   unt i l   these  fa lse   acquis i t ions 

just   d issappear .  

. P u p i l  - Loss (Routine  Adjustment)  This control i s  the main 

p u p i l  acquis i t ion  control  on the  front  panel.  The control should 

be s e t  t o  the minimum value   cons is ten t   wi th   sa t i s fy ing   tes t s  B and 

C above. 

Corneal Loss ~LPe djustment Only) (See F i g .  E .  1) 

This  control i s   t h e  t r i m p o t  mounted on the edge  of card 7 .  It 

should be s e t  t o  the most  counter-clockwise  position  consistent 

with  the  system always revert ing t o  a search mode  when not  tracking 

the   t rue   cornea l   re f lec t ion .  (If i t  i s  turned t o o  fa r   in   the   counter -  

clockwise  direction  the  corneal  scan may dr i f t   about ,   but   with  the 

scan  not   t racking  the  ref lect ion) .  



PUPIL  LOSS  CONTROL 

K C I R C U I T   G A I N   A N D  OFFSET CONTROLS 7 CORNEAL  ACQU IS IT1 ON CONTROL 

I" \ I I I I 

. .  . .  

I 

P U P I L   A C Q U I S I T I O N  CONTROL 
'/PUP I L MODE S'IV ITCH 

\ CORNEAL  LOSS  CONTROL 
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Corneal ~. Acquisit ion . ~~ (Routine  Adjustment)  This'  control i s  
the main corneal   acquis i t ion  control  on the  front  panel.  It should 

be s e t   t o   t h e  minimum value  consistent  with no false  corneal_ac- 

qu is i t ion .  

Operational Notes 

1. To minimize  obscuration of the  pupi l   area by the  upper 

eyelid and eyelashes,   the Oculometer  should look up a t  

the  eye;  that  i s ,  the r ed  l i g h t  of the Oculometer lamp 

should be seen by the  operator towards  the  bottom of 

the   v i sua l   f ie ld   tha t  i t  i s  desired t o  measure.  This 

i s  accomplished by ro ta t ing   the  beam s p l i t t e r .  

2 .  In  order t o  track  the p u p i l  w i t h  the  correct  diameter 

scan,  the Oculometer incorporates  an  automatic p u p i l  

diameter  tracking mechanism. Due t o  the   de ta i l s  of t h i s  

subsystem, i t  w i l l  be observed  that when the  corneal   re-  

f lec t ion   en ters   the  peak white  sampling  raster  (present 

in   the   cen ter  of the p u p i l  scan  during normal tracking) 

the  diameter of the p u p i l  scan becomes somewhat smaller,  

returning t o  i t s  or iginal   value  as   the  ref lect ion  leaves 

th i s  area.  This  idiosyncrasy  doesn ' t   in terfere   with  t rack-  

ing  but i t s  e f f e c t  on pupil  diameter  information  should be 

noted. For  s imi la r   reasons ,   i f   the  peak white  sampling 

raster   should  not   l ie   wholly  within  the  pupi l   area,   then 

the  system w i l l  i n f e r   t ha t  the p u p i l  i s  less   br ight   than 

i t  ac tua l ly  i s ,  and the p u p i l  scan  diameter w i l l  become 
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too  large.  (A fa l se   t rack ing  mode can a r i s e  because  of 

t h i s   e f f e c t  if the p u p i l  l o s s  threshold i s  s e t  too  low. 

I n   t h i s   f a l s e  mode, the  pupil  scan blows up t o  i t s  

maximum diameter and  no correct ive  s ignal  i s  generated 

because the peak white  sampling  raster i s  almost  e n t i r e l y  

off   the   t rue  pupi l . )  

3 .  I f   t he   co rnea l   r e f l ec t ion   f a l l s  on, o r  near,   the  pupil  

boundary , then : 

a.  The pupil  scan  diameter w i l l  be increased beyond 

the  t rue  value.  

b. The presence of the  pupil  boundary w i l l  in te r fe re  

with  corneal  tracking. 

c.  The presence of the   cornea l   re f lec t ion  w i l l  i n t e r f e re  

with  pupil   tracking. 

Thus,  none of the Oculometer outputs  can be r e l i e d  upon 

when the   cornea l   re f lec t ion  i s  on,  or  near  the  pupil  boundary. 

Effects  (a) and (c) above w i l l  be pa r t i cu la r ly  pronounced when 

the  actual  eye pupil  diameter i s  very  small.  This i s  because  the 

in t ens i ty  of the  pupil  video i s  proportional t o  the  square of the 

pupil  diameter. The p u p i l  video i s ,  therefore ,   a t tenuated  with 

a small  pupil and pupi l   posi t ion and di.ameter  tracking  are  then 

especial ly   vulnerable   to   interference from the  corneal   ref lect ion,  

A l s o ,  the   cornea l   re f lec t ion  w i l l  be more often  near  the  boundary 

when the  pupil  i s  small. 



4 .  The Oculometer  measures  the  direction  of  the  optical 

axis  of  the  eye. The foveal  axis  of  the eye i s  about 

5 degrees away from t h i s   a x i s .  The deviation of  the 

foveal  axis from the   op t ica l   ax is  w i l l  give r ise  t o  

errors   associated  with r o l l  of  the  head. The magnitude 

i s  approximately one degree  error   in  eye direction  output 

fo r  10  degrees  of  head r o l l .  The eyebal l   i t se l f   executes  

r o l l  motion  with  large  eye  displacements. However, i f  

t h i s  r o l l  a c t i o n   i s   s t r i c t l y   i n  accordance  with  Listing's 

Law, then  the  effect  w i l l  not be an error   but  an addi t iona l  

nonl inear i ty   in   the   re la t ionship  between  eye direction 
output and the  actual   d i rect ion of  the  eye. 

Numerical  Data 

Diameter  of I D  Tube Aperture a t  Eye 

Diameter  of  eye  space 

Diameter  of 3 mm 2upi l  

Approximate size  of peak white 

sampling r a s t e r   a t  eye 

Diameter of corneal   ref lect ion 

when sharply  focused  at  eye 

Oculometer sca le   fac tor  

(relative  displacement of 

corneal  reflection  per  degree) 

Elec t ronic   sca le   fac tor :  

A t  scan  pattern  output 

Pupil  position  output 

Pupil  diameter 

0 .02  i n .  

1 . 2  i n .  

0 . 1 2  i n .  

0 .08  i n .  x 0.08 i n .  

0.0027 i n .  

about 0.003 i n  

per  degree  of 

eye mot ion 

about 1 v o l t / i n .  
10 v o l t s / i n .  

about 6 v o l t s  per  i n .  



C o r n e a l   i n t e g r a t o r s  

( p i n s  10 and 11 o n   c a r d  1 2 )  

Time Cons tan t  o f  RC f i l t e r  on  eye 

d i r e c t i o n  c i r cu i t s  

Output   no ise  level 

Maximum e r r o r  w i t h  head  motion 

Speed   of   Acquis i t ion  

Tracking Rates 

100 v o l t s / i n .  

about  20 MS 

approximately 

0 .3"  rms 

k0.5"  

approximately 

0 . 2  seconds 

Will fo l low x 

d i r e c t i o n   e y e  

motions of 20" 

executed  a t  the  

maximum eye  

s lewing ra tes .  

OCULOMETER SERVICE ADJUSTMENTS 

Focus The image d i s sec to r   focus   con t ro l   shou ld   be  s e t  t o   t h e  

p o s i t i o n  as determined  below: 

Lock s y s t e m   i n t o   p u p i l   s e a r c h   ( w i t h   f i n g e r   s w i t c h   o n  

c a r d  8 . )  

S h o r t - c i r c u i t   p u p i l   p o s i t i o n   ( x )   o u t p u t .  

P l aee  a se t  of  d i f f u s e l y   i l l u m i n a t e d   h o r i z o n t a l   g r a t i n g  

ba r s   ( abou t  .05 i n .   w i d e )  i n  the   eye   space .  

Switch  off   Oculometer  lamp 

Connec t   t he   v ideo   ou tpu t   t o   t he  y channe l   o f  a CRT and 

p u p i l  y p o s i t i o n   o u t p u t   t o   t h e  x c h a n n e l   o f   t h i s  CRT. 

The CRT shou ld  show a l i n e   o f   v i d e o   w i t h   b r e a k s  i n  i t  

c o r r e s p o n d i n g   t o   t h e   g r a t i n g   b a r s .   A d j u s t   O c u l o m e t e r  

f o c u s   c o n t r o l   f o r  maximum r i s e  t i m e  and m i n i m u m  s i g n a l  

i n  the b lack   ba r  segments o f   t h i s   v i d e o   d i s p l a y .  



Pupil  Balance  Observe  the  scan  pattern  output on a CRT 

display  such  that  the  peak  white  sampling  raster f i l l s  about 1 / 3  

of  the  screen. 'Note the  posi t ion  of   the  corneal   ref lect ion re- 

l a t ive   t o   t h i s   r a s t e r .   Cons t r i c t   t he   pup i l  o f  the  eye by changing 

the ambient illumination  of  the  other  eye.  Adjust  the  pupil p o s i -  

t ion  balance  controls  ( the x control  i s  the po t  within  card 10 ,  near 

the t o p ,  the y control  i s  t.he p o t  within  card 11) so  that   there  i s  

no displacement of the  corneal  reflection  as  the  eye  pupil   diameter 

changes . 

Adjust  the  pupil  diameter  balance  control  (the pot  within 

card 10 near  the  center) so that   the  pupil   scan expands  out  sharply 

t o  i t s  proper  value on going  into  pupi l   t rack  (e .g . ,   af ter  a b l ink . )  

The two l imi t s  a re :  

a) The scan expands too  vigorously and sometimes the   c i rcu lar  

scan "blows up'' 

b) The scan i s  very slow t o  expand out t o  i t s  proper  diameter 

and i s  noisy ,   par t icu lar ly  when the  corneal   ref lect ion i s  

within  the  sampling  raster.  

Corneal  Balance These controls   are   within  card 12. They 

should be adjusted so tha t  when the  system i s  tracking  the  eye, 

wLth the head several  inches away from the  correct   posi t ion,   there  

i s  no tendency for  the  corneal  scan t o  d r i f t   o f f   i n  any pa r t i cu la r  

d i r e c t i o n .   ( i . e . ,  no bias)  

Fault  Guide Lines 

1) P u p i l  system satisfactory  but  corneal  acquisit ion  system 

cannot be adjusted t o  g ive   re l iab le   t rack ing .  Check Focus 

Control. 
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2)  Pup i l  scan d iame te r  "blows up", o r  i s  n o i s y ,   o r  i s  too  

small, o r  the system w i l l  n o t   o p e r a t e  i n  normal ambient 

l i g h t .  Check  PuDil Diameter Balance and   PuDi l   Pos i t ion  

Balance. 
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NEW TECHNOLOGY APPENDIX 

' I  After a d i l i g e n t   r e v i e w   o f   t h e  work  performed  under   this  

c o n t r a c t ,   n o  new innova t ion ,   d i scove ry ,   improvemen t   o r   i nven t ion  

was made. 1 1  
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